We report anisotropic spin splitting in gate-fitted InGaAs wires along different crystal orientations. Anisotropic magnetoconductance minima reflecting spin splitting is observed by decreasing wire width at the same carrier density. Anisotropy of spin splitting is reduced by applying negative gate voltages, while the strength of spin splitting is enhanced in the present InGaAs wire structures. This gate voltage dependence of spin splitting shows qualitative agreements with the theoretical calculations taking both Rashba SOI and Dresselhaus SOI into account.
Introduction
In the field of spintronics, spin functional devices have attracted significant interest due to the possibility of miniaturization as well as operation at speeds higher than possible with conventional electric devices [1] . Spontaneous spin splitting of the conduction band in two-dimensional electron gas (2DEG), i.e., spin-orbit interaction (SOI), plays an important role for utilizing the spin degree of freedom. For example, electrical manipulation of the spin precession can be achieved by the gate control of Rashba SOI [2] . However, the SOI causes spin relaxation during multiple scattering events of electrons. To realize spin functional devices, much attention is being focused on the suppression of spin relaxation in the presence of SOIs.
In a narrow gap semiconductor such as InGaAs, the spin relaxation is governed by the D'yakonov-Perel' mechanism [3] through the Rashba SOI caused by structure inversion asymmetry [4] and the Dresselhaus SOI caused by bulk inversion asymmetry [5] . When the Rashba parameter is equal to the linear Dresselhaus parameter by gate modulation of Rashba SOI [6] , an effective magnetic field can be aligned in the [110] direction, leading to a persistent spin helix (PSH) state and infinite spin lifetime [7] [8] [9] . Therefore, both the long spin relaxation length and electrical spin manipulation are realized near the PSH state [10] . For confirmation of the PSH state by gate modulation of Rashba SOI, it is necessary to determine strengths of and by transport measurement. We have proposed transport measurement of wire structures to determine the rates between and by using an in-plane magnetic field [11] . However, a remaining problem is whether the cubic Dresselhaus term contributes to spin relaxation or not in wire structures since the cubic Dresselhaus term may induce additional spin relaxation [12] . Anisotropic spin splitting due to the cooperation between the Rashba and the Dresselhaus SOIs can potentially be used to obtain information on the cubic Dresselhaus SOI. Spin lifetime in the InGaAs-wire structure has been optically investigated with no gate modulation [13] . It is clear that investigation of the anisotropy of spin splitting under gate modulation of the Rashba SOI is significantly important for obtaining further information on spin splitting and realization of spin functional devices.
In this work, we investigated anisotropy of spin splitting with different gate bias voltages in gate-fitted InGaAs wire structures by weak antilocalization (WAL) analysis. Anisotropy of magnetoconductance (MC) becomes much stronger by decreasing wire width at the same carrier density. Our experimental results also indicate that anisotropy of spin splitting is reduced by applying negative gate voltages due to the increase of structure inversion symmetry inside the quantum well, while the strength of spin splitting is enhanced. This gate voltage dependence of spin splitting shows qualitative agreements with theoretical calculations taking both Rashba and Dresselhaus SOIs into account. In the present sample, the cubic Dresselhaus SOI contribution was found to be much smaller than Rashba and linear Dresselhaus contributions.
Experimental
The InGaAs-based heterostructure was epitaxially grown on (001) Fig. 1(c) . Carrier density N s and mobility were deduced from sheet resistance and the fast Fourier transformation of Shubnikov-de Haas (SdH) oscillation. It should be noted that we estimated depletion width W dep = 313 nm from the width dependence of conductance at zero external magnetic field and effective width W eff = W SEM -W dep are used to derive mobility. The detail of this analysis is shown in reference [14] . 
Results and discussion
MC data observed at N s = 1.4 × 10 12 cm -2 for the wire of W SEM = 956 nm and that of 541 nm are shown in Fig.  2(a) . In the case of the 956-nm-wide wire, WAL was observed for all crystal orientations. On the contrary, for the 541-nm-wide wire, weak localization (WL) was observed for the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Figure 2(a) shows that the anisotropy of MC is more predominant in the narrowest wire than in the widest wire. Since conductance minima indicated by arrows in Fig. 2(a) correspond to the magnetic field on which crossover from WAL to WL occurs and destructive interference due to SOI is completely randomized by external magnetic field, spin splitting due to SOI can be qualitatively deduced from the value of conductance minima. In this paper, we used conductance minima as indexes of strength of SOI. Minimal values of the magnetic field B min are extracted from the MC data and plotted in Fig. 2(b) as a function of crystal orientation. It should be noted that we assumed twofold symmetry of MC when drawing Fig. 2(b) , which is the lowest symmetry due to SOI and theoretically ensured [15] . This assumption is based on a previous study which showed that the cubic Dresselhaus SOI is negligibly small in the present sample structures [14] . In fact, fourfold symmetry based on the cubic Dresselhaus SOI was not observed in the present wire samples, indicating that the cubic Dresselhaus SOI is much smaller than Rashba and linear Dresselhaus SOIs. As shown in Fig. 2(b) , crystal anisotropy becomes much stronger with the decrease of wire width. This enhanced anisotropy is probably because the time-reversal closed path, which contributes to WAL and WL, is elongated due to dimensional confinement and quasi ballistic transport due to the longer mean free path l el = 4.23 ± 1.4 m than the wire width. Furthermore, anisotropic B min originates from cooperation between Rashba SOI and Dresselhaus SOI as previously mentioned [15] . If one of the SOIs is dominant, spin splitting is isotropic. In the direction of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , B min decreases by decreasing the wire width, which indicates that spin relaxation due to SOI is suppressed by the dimensional confinement effect for the narrower wire comparable to the bulk spin precession length L SO = [12] and shows that spin relaxation is not always suppressed due to dimensional confinement in ballistic wire structure. We now turn to the carrier density dependence of anisotropic MC. Carrier density dependence of MC was measured for the wire of W SEM = 956 nm, modulating carrier density from 1.2 to 1.8 × 10 12 cm -2 through gate bias. It should be noted that the second subband level is partially occupied at N s = 1.8 × 10 12 cm -2 .The results are shown in Fig. 3 . As shown in Fig. 3 , conductance minima decrease by increasing gate voltages for all the directions, indicating that the decrease of strength of the Rashba SOI is due to the reduction of structure inversion asymmetry inside a quantum well. The polar plot of conductance minima B min for various gate voltages is shown in Fig. 4(a) , which corresponds to the strength of spin splitting. By decreasing carrier density from 1.8 to 1.2 × 10 12 cm -2 , the strength of spin splitting becomes more isotropic due to the enhancement of the Rashba SOI contribution. This indicates that the Rashba SOI becomes much stronger and is finally more dominant rather than the Dresselhaus SOI by decreasing gate voltage. Spin splitting in the [110] direction is the largest value of all the directions due to constructive cooperation between Rashba and linear Dresselhaus SOIs in contrast to destructive cooperation along [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] 
